Abstract -Varroa destructor is a parasitic mite of A. mellifera. Female mites reproduce on both drone and worker brood; but they are found 5-9 times more often on drone brood. We examined larval tending by brood nest bees to determine if this behavior could provide an explanation for these differences. We observed workers tending worker and drone larvae in three observation colonies commencing 60 h prior to the completion of cell capping, an interval that includes the susceptible periods of both types of brood. Workers invested 2.78 times more time tending drone larvae than worker larvae, a difference due primarily to a greater number of tending acts directed towards drone brood. This finding demonstrates that phoretic mites may have more opportunity to enter drone brood. The 2.78 fold difference in time tending larvae combined with the previously reported 2-4-fold differences in the lengths of the periods when cells are capped could explain a 5.56-11.12 fold difference in mite levels in worker and drone brood, similar to 'previously' reported differences.
INTRODUCTION

Varroa destructor
is a parasitic mite that reproduces on the immature stages of its host, A. mellifera L. (reviewed in De Jong et al., 1982; De Jong, 1990) . Mites reproducing on drone brood average 2.2-2.6 female offspring per host, while those reproducing on worker brood average 1.3-1.4 offspring (Schulz, 1984; Fuchs and Langenbach, 1989) . Not surprisingly, mite levels tend to be higher in drone brood than worker brood, with average differences ranging from 5-9-fold (reviewed in Fries et al., 1994; Calis et al., 1999; Calderone and Kuenen, 2001) .
Differential reproduction provides an evolutionary explanation for the drone-biased distribution of mites; however, the proximate mechanisms responsible for this pattern are not well understood. The observed distribution of mites is thought to be due to two factors: (1) a 2-4-fold difference in the lengths of the periods during which larvae are susceptible to mite invasion, and (2) differences in the rates at which mites enter host cells. Mites enter drone brood starting 40-60 h before capping is completed, but begin to enter worker brood only 15-30 h before capping is completed (Ifantidis, 1988; Fuchs and Muller, 1988; Boot et al., 1991 Boot et al., , 1992 . This difference may be a consequence of differences in host chemistries (Le Conte et al., 1989; Trouiller et al., 1991 Trouiller et al., , 1992 or a result of physical factors (De Ruijter and Calis, 1988; De Jong and Morse, 1988; Goetz and Koeniger, 1993; Boot et al., 1995; Kuenen and Calderone, 2000) .
The difference in the lengths of the susceptible periods accounts for only a 2-4 fold difference in mite levels, less than typically reported. Therefore, there must also be a difference in the rate at which mites enter worker and drone cells. One mechanism explains differential rates of entry based on differences in levels of putative attractants produced by worker and drone larvae (Le Conte et al., 1989; Trouiller et al., 1991 Trouiller et al., , 1992 . Differences in the size of the openings of worker and drone cells may also provide mites with greater opportunity to enter drone cells (Boot et al., 1995) .
In this study, we examined larval tending by brood nest bees to determine if this behavior could provide a mechanism to account for the drone-biased distribution of mites. Since drone larvae weigh about 2.47 times as much as worker larvae at capping (Jay, 1963; Winston, 1987) , they presumably require more food. This suggests that brood nest bees may spend more time tending drone larvae than worker larvae (Martin, 1998) . If true, this would bring phoretic female mites into proximity to drone brood more often than to worker brood, and that could provide a nonchemical mechanism for differential rates of mite entry into the two types of brood.
MATERIALS AND METHODS
We observed worker bees tending same-age worker and drone larvae in each of three unrelated colonies during the 60 h prior to cell capping. Larvae were reared in mosaic combs constructed by removing 25 cm 2 sections from worker combs and replacing them with equivalent sections of drone comb. Eggs were obtained by caging the queen in each colony for 12 h on a mosaic comb. Then, the colonies were transferred to four-frame observation hives (Gary and Lorenzen, 1976 ) maintained in a temperature-controlled, observation-hive shelter (Rothenbuhler et al., 1968) . Each colony consisted of about 8 000-10 000 adult workers, a queen and an unknown number of adult drones.
We randomly selected 6 workers and 6 drones in each colony that were reared to the capped stage and then observed tending behavior for each selected cell at 60, 54, 48, 42, 36, 30, 24, 18, 12 and 6 h prior to the completion of capping, a period that encompasses the susceptible periods of both worker and drone brood. Tending behavior in each colony was recorded with a Microimage Video Systems video camera (A206 AutomatiCam) connected to a Sony VCR (SVO 9500 MD) and viewed on a Sony monitor (PVM-1343 MD). The test sections in each hive were recorded four times daily for 20 min per observation period starting when individuals were still in the egg stage. Recordings started at 24.00 h, 6.00 h, 12.00 h and 18.00 h each day.
We defined four tending acts: act 1 -worker bee inserts its head or part of its head into a cell; act 2 -worker bee inserts its head and part or all of its thorax into a cell; act 3 -worker bee inserts its head, thorax and part of its abdomen into a cell; and act 4 -worker bee manipulates or adds wax to the rim or capping of the cell. During each 20 min period, we recorded the starting and ending times for each occurrence of each act and the identity of the larva being tended. Because we were interested only in characterizing the proximity of mites to brood cells, our classification of acts 1, 2 and 3 does not distinguish between feeding and non-feeding behavior.
Analysis of means
We analyzed (1) the number of times each act was performed per larva per period, (2) the duration of individual occurrences of each act, and (3) the cumulative amount of time each act was performed per larva per period. We used a randomized block model with repeated measures analysis of variance with larval sex, hours before capping completed (period), and their interaction modeled as fixed effects. Colony, individual larva nested within colony, and their interactions with fixed effects were modeled as random effects. Data were transformed using the square root function to achieve homogeneous variances. The analyses for act 4 were restricted to data collected between 6 h and 24 h prior to the completion of capping due to the small number of observations at other times. We also calculated the ratio of the average cumulative time invested tending drone larvae to the corresponding value for worker larvae for each act.
Analysis of frequencies for wax working events
Our observations allowed us to glean a preliminary look at the capping behavior of workers towards worker and drone larvae. Because (1) we observed equal numbers of worker and drone larvae in each hive during each period, (2) each larva was observed for the same amount of time, and (3) our video analysis allowed us to view all larvae during the same time periods, we were able to directly compare the frequencies at which act 4 was performed on worker and drone brood. We used the Goodness-of-Fit test to test the hypothesis that there was no significant difference in the total number of times that worker bees engaged in wax-working behavior with worker and drone larvae. We pooled data from all three colonies and analyzed data from each of the 10 observation periods separately.
RESULTS
Analysis of means
Results from the statistical analyses are presented in Table I . A summary of main effects (ls mean ± SE) is presented below. We report period effects, but we did not perform a mean separation analysis for that effect because our focus was on differences between worker and drone larvae within each period. The general trend over time for each act can be gleaned from each graph.
Average number of occurrences of each act
The average number of times acts 1, 2 and 3 were performed per larva per 20 min observation period are shown in Figure 1 . The average number of times workers were seen to perform act 1 in a period was 18.35 ± 0.67 per drone larva and 9.93 ± 0.67 per worker larva (P < 0.0001). Differences between periods (P = 0.0006) and the interaction between larval sex and period (P < 0.0001) were significant. Mean separation tests (TukeyKramer) revealed that larval sex was significant in all periods except at 6 h.
The average number of times workers were seen to perform act 2 in a period was 22.99 ± 1.77 per drone larva and 5.21 ± 1.78 per worker larva (P < 0.0001). Differences between periods (P < 0.0001) and the interaction between larval sex and period (P < 0.0001) were significant. Mean separation tests revealed that larval sex was significant during all periods. The average number of times workers performed act 3 in a period was 1.98 ± 0.87 per drone larva and 1.38 ± 0.85 per worker larva (P = 0.1553). Differences between periods (P = 0.0005) and the interaction between larval sex and period (P = 0.0005) were significant. Mean separation tests revealed that larval sex was significant only at 60 h.
For act 4, the analysis was restricted to 6, 12, 18 and 24 h before capping was complete due to the small number of observations Figure 2A . The average number of times act 4 was observed in a period was 4.21 ± 0.65 per drone larva and 2.17 ± 1.39 per worker larva (P < 0.2863). Differences between periods (P < 0.0119) were significant, with greater numbers of acts observed closer to the time that capping was complete. The interaction between larval sex and period was not significant (P = 0.9439).
Average duration of individual occurrences of each act
The average duration of individual occurrences of acts 1, 2, and 3 during each of the observation periods are shown in Figure 3 . The average duration of act 1 was 0.79 ± 0.06 s per drone larva and 0.63 ± 0.06 s per worker larva (P < 0.0001). Differences between periods (P < 0.0001) and the interaction between larval sex and period (P = 0.0003) were significant. Mean separation tests revealed a significant effect of larval sex at 12, 18 and 30 h.
The average duration of act 2 was 5.62 ± 0.41 s per drone larva and 6.58 ± 0.61 s per worker larva (P = 0.3377). Differences between periods (P < 0.0001) and the interaction between larval sex and period (P < 0.0001) were significant. Mean separation tests did not reveal a significant effect of larval sex during any period. The average duration of act 3 was 62.75 ± 18.88 s per drone larva and 83.75 ± 18.75 s per worker larva (P = 0.2610). Differences between periods (P = 0.7253) and the interaction between larval sex and period (P = 0.1387) were not significant.
Data for the average duration of act 4 are shown in Figure 2B . The average duration of act 4 was 3.58 ± 0.06 s per drone larva and 2.28 ± 1.47 s per worker larva (P = 0.3495). Differences between periods (P = 0.0659) and the interaction between larval sex and period (P = 0.9304) were not significant.
Cumulative amount of time for each act
The average cumulative times for acts 1, 2 and 3 per larva during each period are shown in Figure 4 . The average cumulative time of act 1 in a period was 14.24 ± 0.98 s per drone larva and 6.55 ± 0.99 s per worker larva (P < 0.0001). Differences between periods (P < 0.0001) and the interaction between larval sex and period (P = 0.0082) were significant. Mean separation tests revealed a significant effect of larval sex for all periods except at 6, 54 and 60 h.
The average cumulative time for act 2 in a period was 130.88 ± 9.38 s per drone larva and 36.77 ± 9.58 s per worker larva (P < 0.0001). Differences between periods (P < 0.0001) and the interaction between larval sex and period (P < 0.0001) were significant. Mean separation tests revealed a significant effect of larval sex at 12, 18, 24, 30 and 36 h. The average total cumulative time for act 3 in a period was 116.85 ± 16.82 s per drone larva and 109.37 ± 18.47 s per worker larva (P = 0.8519). Differences between periods (P = 0.0171) and the interaction between larval sex and period (P = 0.0366) were significant. Mean separation tests did not reveal any additional significant differences.
Data for the average cumulative time for act 4 are shown in Figure 2C . The average cumulative time for act 4 in a period was 15.79 ± 1.93 s per drone larva and 6.18 ± 5.48 s per worker larva (P = 0.1786). Differences between periods (P = 0.0022) were significant, but not the interaction between larval sex and period (P = 0.8800).
Investment ratios for worker and drone brood
We calculated an average investment ratio from the cumulative amount of time that workers were observed to engage in each act with worker and drone larvae. For act 1, the ratio of the average cumulative time invested per drone larva to the corresponding value for workers was 2.17. For act 2, the corresponding ratio was 3.56. For act 3, the ratio was 1.07. For act 4, the ratio was 2.56. We calculated an overall ratio of time invested in drone and worker brood by multiplying the investment ratio for each act by the relative number of times that act was observed and summing the products. Overall, workers invested 2.78 times more time tending drone brood than they did tending worker brood during the 60 h prior to cell capping.
Analysis of frequencies for wax-working events
Over all periods and colonies, act 4 was performed 335 times on drone brood and 79 times on workers (Fig. 5) . Goodness of fit tests revealed significant differences in overall frequencies at each observation period except 54 and 60 hours before capping was completed.
DISCUSSION
Workers invested more time tending drone larvae than worker larvae. This difference was due primarily to a greater number of each of the four acts being directed towards drone brood than towards worker brood. Additionally, the average duration of act 1 was approximately 25% greater for drone larvae.
Averaged over all acts, the investment ratio for time spent tending larvae was 2.78 greater for drone larvae than for worker larvae. Because tending behavior brings mites into proximity with prospective immature hosts, this difference may provide mites with increased opportunities to enter drone brood.
We also found differences in the timing of cell capping. Workers began capping drone cells at 48 h, whereas they began to cap worker cells at 12-24 h; therefore, the length of the periods when workers cap drone and worker cells differ by a factor of 4 (if initiated at 12 h) or 2 (if initiated at 24 h). If the raised cell walls that occur during capping act as a cue for a mite to enter a cell (Kuenen and Calderone, 2000) , drone brood would be susceptible 2-4 times as long as worker brood.
Models for host acquisition
One explanation for the biased distribution of mites is the chemical attractant hypothesis (Le Conte et al., 1989) . Accordingly, mite levels are higher in drone brood because they produce greater quantities of the putative attractants methyl palmitate, ethyl palmitate and methyl linolenate, which results in a greater rate of mite entry, and because they produce elevated levels of these compounds over a longer period of time, which results in a longer susceptible period (Trouiller et al., 1991 (Trouiller et al., , 1992 . However, other studies suggest Figure 5 . The total number of times act 4 (wax working) was observed to be performed on worker and drone larvae during each 20 min observation period. An '*' indicates that the worker and drone values for the given act in the given period are significantly different based on a Goodness-of-Fit Test (P < 0.0001).
that mites do not use these substances to identify a host's sex (Rickli et al., 1992 (Rickli et al., , 1994 Boot, 1994; Donzé et al., 1998; Calderone and Lin, 2001 ).
Alternatives to the chemical hypothesis are based on physical factors. Goetz and Koeniger (1993) found a correlation between the distance from a worker larva to the cell rim (larva-to-rim) and the initiation of mite entry into brood cells. Mites entered cells once the larva-to-rim distance decreased to ca. 7.0-7.5 mm as the larvae grew larger/upward in the cells. Boot et al. (1995) conducted a similar study and reported that the infestation of worker cells increased at a constant rate over time once this critical distance was reached, even as the larva-to-rim distance continued to decrease due to larval growth. According to this critical distance hypothesis, drone larvae have a longer susceptible period than worker larvae because they achieve the critical distance sooner. Kuenen and Calderone (2000) proposed an alternative physical model based on their finding that elevated cell walls that occur during capping serve as a stimulus triggering mite entry into brood cells. Their model explains differences in the susceptible periods of worker and drone brood as a consequence of the capping process being initiated earlier for drone brood than for worker brood.
Our data on tending behavior provide mechanisms to explain both the greater lengths of the susceptible period for drones and the greater rate of entry by mites into drone cells. If the elevation of the cell wall that occurs as workers begin to cap a cell provides the stimulus for mites to enter a cell (De Ruijter and Calis, 1988; Kuenen and Calderone, 2000) , then drone brood will be susceptible to mite entry 2-4 times longer than worker brood. If the rate of entry into cells is directly proportional to the amount of time workers spend tending a brood cell, then the overall 2.78 fold difference in total time spent tending drone and worker larvae could explain a similar difference in entry rates. Together, differences in capping and tending behavior could explain a 5.56-11.12 fold difference in mite levels in drone and worker brood, similar to the range reported in the literature. Of course, differences in time spent tending could be combined with either of the other mechanisms that explain differences in the lengths of the susceptible periods (Trouiller et al., 1991 (Trouiller et al., , 1992 Goetz and Koeniger, 1993) ; however, we feel that the elevated cell wall currently provides the best explanation for differences in susceptible periods. We hypothesize that physical cell factors (Kuenen and Calderone, 2000) and larval tending times are the primary factors determining cell entry by adult female Varroa mites and that chemical substances from larvae, cocoons and brood food lead to retention and orientation of mites once they are in the cell (Donzé et al., 1998; Calderone and Lin, 2001) . Further studies are required to confirm this hypothesis.
Résumé -Des soins différents sont donnés aux larves d'ouvrières et aux larves de mâles de l'Abeille domestique, Apis mellifera, au cours des 60 heures précédant l'operculation. Les femelles de l'acarien parasite Varroa destructor se reproduisent sur le couvain de mâles et sur celui d'ouvrières, mais on les trouve 5 à 9 fois plus souvent sur le couvain de mâles. Ce chiffre peut s'expliquer pour un facteur de 2 à 4 par les différences dans la période où les acariens sont susceptibles de pénétrer dans les cellules de larves. On considère que le reste de la disparité est dû aux différences de taux de péné-tration des acariens en fonction du type de cellule de couvain. Nous avons étudié les soins aux larves donnés par les nourrices pour déterminer si ce comportement pouvait rendre compte des taux plus élevés de V. destructor dans le couvain de mâles. Nous avons observé, au cours des 60 heures précédant l'operculation, des ouvrières donnant des soins à des larves d'ouvrières et de mâles de même âge dans trois colonies non apparentées. Dans chaque colonie, les oeufs ont été obtenus en enfermant la reine durant 12 h dans une cage sur un rayon mosaïque comprenant à la fois des cellules d'ouvrières et des cellules de mâles. Les reines ont été libérées, puis les colonies transférées dans des ruches d'observation à quatre cadres. Chaque colonie comprenait environ 8000 à 10 000 ouvrières adultes, une reine et un nombre inconnu de mâles adultes.
Le comportement de soins a été enregistré avec une caméra vidéo. Les sections testées dans chaque ruche ont été enregistrées quatre fois par jour durant 20 min dès le stade de l'oeuf. Dans chaque colonie, nous avons sélectionné au hasard six ouvrières et six mâles qui ont été élevés jusqu'au stade operculé puis, pour chaque cellule choisie, le comportement de soins a été observé à 60, 54, 48, 42, 36, 30, 24, 12 et 6 h avant l'operculation complète, période qui entoure les périodes sensibles mentionnées pour le couvain d'ouvrières et celui de mâles. Nous avons défini quatre actes de soins : acte (1) l'ouvrière insère tout ou partie de sa tête dans une cellule ; acte (2) l'ouvrière insère sa tête et tout ou partie de son thorax; acte (3) l'ouvrière insère sa tête, son thorax et une partie de son abdomen ; acte (4) l'ouvrière manipule ou ajoute de la cire au bord ou à l'opercule de la cellule. Durant chaque période de 20 min nous avons enregistré l'heure du début et de la fin pour chaque occurrence de chaque acte ainsi que l'identité de la larve recevant les soins. Parce que nous cherchions seulement à caractériser la proximité des acariens par rapport aux cellules de couvain, notre classification des actes 1, 2 et 3 ne fait pas la distinction entre comportement alimentaire et non alimentaire. Les ouvrières ont investi 2,78 fois plus de temps dans les soins aux larves de mâles que dans les soins aux larves d'ouvrières. Cette différence est due en premier lieu au plus grand nombre d'actes de soins à l'intention du couvain de mâles, résultat qui prouve que les acariens phorétiques sont susceptibles d'avoir plus d'occasions de pénétrer dans le couvain de mâles. Nous avons aussi trouvé que les ouvrières commençaient à manipuler la cire autour de l'ouverture des cellules de mâles 48 h avant l'operculation complète, tandis que pour les cellules d'ouvrières elles ne démarraient cette activité que 12 à 24 h avant l'operculation, soit une différence de 2 à 4 fois. Les études antérieures avaient trouvé que l'élévation de la paroi de la cellule qui a lieu au cours de l'operculation agit comme un stimulus qui incite les acariens à pénétrer dans la cellule de couvain. La différence de 2,78 fois dans le temps passé à donner des soins aux larves combinée à la différence de 2 à 4 fois dans la durée des périodes durant lesquelles les cellules sont operculées expliquent une différence de 5,56 à 11,12 fois dans les taux d'infestation par V. destructor des cellules d'ouvrières et de mâles, ce qui est comparable à la gamme des différences mentionnées dans les études de terrain. 
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